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ABSTRACT

The purpose of this analysis is to determine the effect of transient heat flux on heat
flux sensor response and calibration.

We have begun this work by studying a one dimensional case. This was done to
clucidate the key parameters and trends for the problem. Tt has the added advantage that
the solutions to the governing equations can he obtained by analytical means. .Th("
analytical results obtained to %la,m indicate that the transient response of a heat flux sensor
depends on the thermal boundary conditions, the geometry and the thermal properties of
the sensor. In particular it was shown that if the thermal diffusivity of the sensor is small,
say for a material such as Nichrome, then the transient behavior must be taken into

account.
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INTRODUCTION

The purpose ol this analysis was to determine the effect of transient heat flux on

sensor response and calibration.

Consider the case ol a heat flux sensor mouiited in a wall subjected to both radiative
and convective heat transfer on the top side and purely convective heat transfer on the
hottom side as shown in Fig. 1, where x and r are the axial and radial coordinates,
respectively; L and ¢, D and d are ‘tv]iré tjhi‘ckneééés and diameters of the two layers; k is the
thermal conductivity, a is the diffusivity, T is temperature, hy and h» are the convective
heat transfer coefficients, q, is the radiant incident heat flux, and T00 is the ambient

temperature. The subscripts | and o refer to the different materials of the sensor.

In this analysis we make the following simplifying assumptions
1) neglect re—radiation;

2) constant thermal pmpe]tms

3} constant, uniform ambient tcmpomhnos,

4) constant, uniform convection cocfficients;

5) constant, uniform radiant incident heat lln\

6) perfect thermal contact between the regions of different, l\,
(7) the cquations are one—dimensional;

Steady — State Solution To determine a base line case we fnst so]\e for the

steady—state case.

For this case, the governing equations and corresponding boundary conditions are,

under the above assumptions.

(lr‘)Tl_ -

al=0 0<x>( (1)
Ty f<x> I (2)
R L - =g =0 atx=0 W
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(3) and (5) are rearranged as:

—ky %}g—l——}- by = Ingf, atx =10
JTs

l\’-g

q
where §; = Tlm + ]—]%“—

=Ty
X

The solutions to equs. (1) and (2) are

H

T Arx + By
Ta=Aax+ 1

-

4 ha'Ty = haly abxn =1

(3—a)
(5-a)

The coclficients Ay, By, s, Ba can be determined in terms of the boundary conditions

(3—a). (1), and (H—a).

The sensor output is based on the temperature difference between two fixed points

where the two alumel wires are attached. Assume that the coordinates of these two points

are xy and xa respectively (they are usually at different layers), then

T, (X|) = Ax; + By
Tg (.\'-_)) = A‘\-_L\'-_) + Hg

[Tence,
ATS =Ty (x1) = Ta (x2)
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where
A= ]—/\» , B = (KA + ) /h]

Hl = B] + (7(“\] - /\-_),)
Ny = l\'[lnllg ([3 *f]) 7
2T Rkl FRWLL F kel + kikohy — kih hat (7)

Note that AT is independent, of time.

Unsteady — State Solution

For unsteady state case, we have

m%%l_:%i_ 0<x<l >0 (8)

aggg'—:%ﬁ— 0<x<L, >0
with
i
-k g—}: + Ty =i, atx = 0, >0
Ty =T, abx=4¢0 >0 }
k,%%— :1\)§7— alx=f >0 (9)
ko gLnL haTa = h»f) alx=1,t>0
and i

T (x0) =Ty (x,0) =T, (10)

The solutions to equs. (7) and (8) with nonhomogencous houndary conditions (9) and (10)

can he expressed in the form

Ti(x"‘):”i( )+9()[l+’/'(')' (rr)

where the functions ;si(..\'), 'c;".'(x), and /)i(_\',l) arc the solutions of the following subprohlems:

RUPRTRRIRAR | | W0 110801 W1 | ONE | SWAL P10
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() A2y

dx-
with -k %}%—' + ]11‘731 = Iyf,
PI=
cda L de
L d _
ky G2+ hyTy = 0
Therelore,
¢ (x) =Cix + Dy
@2 (x) = Cox + D
(l.2 9“1
(h) dx?™ 0
d* gy
dx? =
with —ky ¥ + by =
i = 1;‘;,
K g :,, =k ‘l’{L_
dx dx
d’/'l__ﬁ
]\"3 a_\-' + thg = ]lgl‘g
we have

(x) =FEx + F,

™ (x) = Fax + 17

In this case, the sensor output will he dependent on time.

output we calculate the temperature dilference to be
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alx =20
alx=1¢
atx =/¢
atx =L
atx=20
abx=1(
abx="(
atx=1L

To determine the sensor



ATV () =Ty (x,6) = Ta (xa,1)
= O (xi,t) = o x2,t)+ [ a(x1) — @a(xa)]fy
+ [i(x1) — m(x2)]fa
Computational results show that
[o1(x1) = @a(x2)]fi + (Yu(xi) = a(xa)]f2 = AT®
Therefore,

ATY(L) = Oi(xp,b) — ba(xat) + ATS | (12)

(¢) Oi(x,t) and fa(x,t) are determined from the following homogeneous
problem:

820, 9,
o2 = ot
0 90

Wt T o

a0,
Subject to —k; dx  + hif, =0 atx =20
0 = 0 atx="{
00, 0>
ky Ox = ky Ox atx = ¢
0,
ky O + hath =0 at x =1L

and B(x,0) = Ty = @ (x)l = B3l

et A(s,k) = Xi(x) (1)
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where n are cigenvalues which will be determined later.
3 1
7y

\ («\) = A Sin _( —-l X) + B C()S( X)
i in n
v a (——-ﬂl
an (x) = A, Sin (L,"____ x) +B_ Cos (ﬂn x)
) ) af) - (l’q

Without loss of generality, we choose Ay =1, B . A W and Bm can he determined with
! 2 2

the corresponding houndary conditions{and several pages of algebra).

Finally,

0 o P
AT =€ 18, (5) =X, (s et At (13)

n=l

where Cn is determined by the initial conditions. The equation for the determination of
the cigenvalues /3 s

sin v+ Hyq sin g —sin —C08

K cos v— KHyqsin 08 ) —sin y =0

0 Hany cos (I[")) + sin(!i-u) ('()S(—Ijrl/)“‘llllﬁi“(!?fl)

where y="n f”)‘-'.’:f' “'“W
Vv n' f’l‘,,
o k| _—ﬂlvv— y = k'-!
I\ = ]’\"-:_ J ”2 [t l‘.! - l_'_! ,

Some additional alegebra will lead to the following transcendial equation for the

determination of the eigenvalues i
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Rewrite equation (13) as:

2
¢ e ArS

Al —
AT = .

= Ie

=1

whore
¥

Cha=0 [ }"n (x1) _)\.2“ (\)] ‘

Numerical example shows that 3° << 3 << h? <<.....,

first term to approximate the result. In other words, we have:

Al =L S
ATV = ¢e + Al

but AT =0 at 4t =0
r 3 * 4 \S
Therelore, ] = =21
ol
S —™
'l‘ ‘1., S = - St
hien, AT I —¢

(16)

where 4 can be determined from Equation (1), The following observations can be made

by examining Eqs. (14) and (16):

(1) AT = AT a5 t-m;

(2) The transient process depends on the boundary conditions (hy,ha),
the geometry (£1L) and the properties (ky.ks,ny.n.) of the sensor.

- . —4°1 : o
(3) The transient term (¢ ' ") may be very important il 4, is small.
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Typical Kxample

T'o illustrate the impact of these results consider a typical example. Assume that D
= 0.8 cm, £ =0.02em, L= 0.11 em, choose ha/hy = 1.0. See Fig. 1. The material of the
sublayer is alumcl whose m;operti'és are Ky = 37 w/m-k, ap = 9.7 x I(l_5 m3/s. 1l the
materials of the [oil are pure uickel and nichrome (0% Ni, 20% Cr), respectively. The
results are shown in Table 1.

‘Ii‘lhl(! |

—t

IFoil Material m (m?/s) i e 7 at t = 0.05 second)
Nickel 23x 107 16745 SA5x 1077
{(pure)
Nichrome 3.4 x 1079 6.438 1926 x 107

(80% Ni, 20% Cr)

As can be seen from Table 1, if we choose Ni—Cr alloy as the foil material, the

—-

o
fransient term e " would be important.,

SUMMARY

We have initiated a study of the transient heat flux response of heat flux sensors.
't hig paper presents a one dimensional analysis of the problem. This was done to clucidate
the key parameters and trend for the problem. The results of a heat flux sensor depends on
the thermal boundary conditions, the geometry and the thermal properties of the sensor.
In particular, it was shown that if the thermal diffusivity of the sensor is small, say {or a

maiterial like Nichrome, then the transiont behavior must be taken into account.
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Schematic of Transient Analysis
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